The mathematical modeling of the transport and transformation of trace species in the atmosphere is one of the scientific tools currently used to assess atmospheric chemistry, air quality, and climatic conditions. From the scientific but also from the management perspectives accurate inventories of emissions of the trace species at the appropriate spatial, temporal, and species resolution are required. There are two general methodologies used to estimate regional to global emissions: bottom-up and top-down (also known as inverse modeling). Bottom-up methodologies to estimate industrial emissions are based on activity data, emission factors (amount of emissions per unit activity), and for some inventories additional parameters (such as sulfur content of fuels). Generally these emissions estimates must be given finer sectoral, spatial (usually gridded), temporal, and for some inventories species resolution. Temporal and spatial resolution are obtained via the use of surrogate information, such as population, land use, traffic counts, etc. which already exists in or can directly be converted to gridded form. Speciation factors have been and are being developed to speciate inventories of NO x , particulate matter, and hydrocarbons. Top-down (inverse modeling) methodologies directly invert air quality measurements in terms of poorly known but critical parameters to constrain the emissions needed to explain these measurements; values of these parameters are usually computed using atmospheric transport models. Currently there are several strong limitations of inverse modeling, but the continued evolution of top-down estimates will be facilitated by the development of denser monitoring networks and by the massive amounts of data from satellite observations.
INTRODUCTION
The mathematical modeling of the transport and transformation of trace species in the atmosphere is one of the scientific tools currently used to assess atmospheric chemistry, air quality, and climatic conditions. One of the most important inputs to such models is accurate inventories of emissions of the trace species included in the study at the appropriate sectoral, spatial, temporal and species resolution. In addition, from the management perspective emissions data are also required at these finer resolutions.
Emissions inventory compilation for scientific use started in the 1970s for oxides of sulfur and nitrogen. These initial inventories calculated global emissions by large geographic areas [Várhelyi, 1985] , with very little spatial and temporal resolution. In the last three decades a wealth of information has been developed on anthropogenic activities and their emissions; however, these statistics must be used wisely to provide a true picture of the desired quantities.
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The following sections present an overall description of the current methodologies used to compile global to regional inventories of anthropogenic emissions. This discussion is by no means exhaustive; rather it attempts to give the reader an overview of how emissions from anthropogenic sources were and are being compiled [Baldasano and Power, 1998 ]. The methodologies described here can also be applied to the estimation of emissions from biogenic sources. For these sources the bottom-up approach is generally a more complicated model that may include parameters such as the meteorological conditions; whereas the top-down methodologies are usually directly applicable.
INVENTORY DEVELOPMENT
There are two general methodologies used to estimate regional to global emissions: bottom-up and top-down. Bottom-up methodologies apply the following general equation to estimate emissions:
where E i are emissions and A i is the activity rate for a source (or group of sources), (EF) i is the emission factor (amount of emissions per unit activity), and P 1i , P 2i ... are parameters that apply to the specified source types and species in the inventories (for example, sulfur content of the fuel, efficiency of the control technology). Top-down methodologies, also known as inverse modeling, derive emissions estimates by inverting measurements in combination with additional information such as the results of atmospheric transport and transformation models.
USE OF BOTTOM-UP METHODOLOGIES TO ESTIMATE EMISSIONS
The two major inputs needed to apply this methodology are the activity rates and the emission factors. To estimate the emissions of certain trace species additional parameters are needed; for example, to estimate sulfur emissions from fossil fuel combustion the sulfur content of the fuels is needed, for certain sources with emissions control devices the efficiency of these devices is needed.
Researchers compiling national inventories for their own country usually have access to information that may not be available to others; they also have more detailed knowledge of the types of processes and operating conditions which allows the use of nation-specific emission factors or adjustment of literature values. Generally these inventories estimate yearly emissions at the national, or for very large countries, at geographic subdivisions (states, provinces, etc.) level.
Researchers compiling regional or global inventories can either a) gather the national emissions estimates in the region of interest or b) estimate emissions directly using published information. To compile inventories by bringing together national estimates the information received must be checked for: a) completeness, b) transparency, c) consistency, d) comparability, and e) accuracy [Tarrasón and Schaug, 1999] . Examples of programs that rely on national submissions to build regional or global inventories include the Co-operative Programme for Monitoring and Evaluation of the Long Range Transmission of Air Pollutants in Europe (EMEP) and the Intergovernmental Panel for Climate Change (IPCC) [Houghton et al., 1997; Moran and Salt, 1996] [Houghton et al., 1997; Moran and Salt, 1996] .
Step-by-step guidelines and workbooks have also been developed to help in the compilation of the needed data.
In June 1985 the European Council of Ministers defined a program for gathering, coordinating, and ensuring consistency of information on the state of the environment and natural resources in the European Community. This program was called CORINE (COoRdination d'INformation Environnementale), and one of its component projects is CORINAIR (CORINe AIR emissions inventory). This program is now run by the European Environment Agency (EEA). A prototype inventory was developed for 1985, CORINAIR85, which included a new nomenclature for source types, classification of emissions as large point sources and area sources, and especially developed software for data input and the calculation of emissions [Bouscaren, 1990; Bouscaren and Fontelle, 1992; Bouscaren, 1995; . Based on the experience gained in compiling CORINAIR85 and in collaboration with UNECE and with OECD the next phase of the project, CORINAIR90, has been defined . The goal of CORINAIR90 is to provide a complete, consistent, and transparent air pollutant emission inventory for Europe in 1990. New source sector splits have been defined (SNAP90), the list of pollutants and large point sources to be included have been expanded, and the availability of the CORINAIR software system has been extended to 30 countries.
In the work of the Global Emissions Inventory Activity (GEIA) group of the International Global Atmospheric Chemistry (IGAC) addressing emissions of SO 2 and NO x from anthropogenic sources a "hybrid technique" is used. First a "default" global inventory is selected which includes emissions estimates derived using a unified methodology; then national or regional emissions estimates received from cooperating researchers are studied and if appropriate their data are substituted for those in the default inventory [Benkovitz et al., 1996 ]. An in depth study of all the data is done and differences and caveats are included in the accompanying documentation. Figure 1 presents a summary of the data used to develop the GEIA SO 2 and NO x inventories for ca. 1985.
To directly estimate regional or global industrial emissions published information on activity rates, emission factors, and other pertinent parameters is needed. Examples of inventories compiled using this approach include the Emission Database for Global Atmospheric Research (EDGAR) , a set of global emissions inventories of greenhouse gases and ozone-depleting substances for all anthropogenic and most natural sources on a per country basis (http://www.rivm.nl/index_en.html), the Regional Air Pollution Information and Simulation Model (RAINS) Asia [Arndt et al., 1997] , a set of SO 2 emissions data for Asia [Foell et al., 1995] , and the global CO 2 emissions compiled by Marland et al. [Marland et al., 1994] . In general, the activity rates are derived from data compiled by "multi-national" organizations. The two major sources of statistics on energy production, trade, and use are the United Nations (UN) [United Nations, 1988; United Nations, 1989] 1998 ]. These compilations are usually not independent data sets because they are based on some of the same sources for national data; the published numbers are the result of slightly different questionnaires and different analysis by the respective offices and are also reported for somewhat different categories. When using any of these sources of activity rates the data must be carefully checked for completeness and homogeneity to avoid either double counting or dropping emissions.
The U.S. Environmental Protection Agency has developed and maintains a compilation of emission factors applicable to U.S. sources [U.S. Environmental Protection Agency, 1999] . Canada has also developed methodologies applicable to their sources [Johnson et al., 1991] . The IPCC has developed extensive guidelines which include step by step methodologies and emission factors to be used in estimating and reporting emissions [Houghton et al., 1997] . In addition, some investigators either adapt the US or Canadian emission factors or perform literature searches for more appropriate values or for experimental data from which to develop their estimates; for examples see Kato and Akimoto [1992] and Arndt et al. [1997] .
A vivid example of the impact that small differences in input data can have on emissions estimates is given by Marland et al. [1999] where the annual by country CO 2 emissions values in the Marland et al. inventory were compared with those in the EDGAR inventory. Marland et al. rely mainly on statistics gathered by the UN while EDGAR relies mainly on statistics gathered by the IEA supplemented by UN statistics when needed. After trying to account for the different sectors and emission factors included in each inventory results show that most of the emissions estimates cluster around the 1:1 line. The mean of all country differences between the two inventories is about 1%, but the fractional differences tend to be larger for countries with smaller emissions, probably due to larger uncertainties in the activity rate information. However, the relative difference between the two estimates for US emissions is only 0.9%, but the absolute difference is larger than the total emissions from 147 of the 195 countries included in the analysis. For the former USSR the relative difference is about 8.1%, but the absolute difference exceeds the total emissions from all but the 14 largest emitting countries.
Direct measurements of emissions can be carried out using continuous emissions monitoring (CEM) techniques; this methodology produces the most accurate emissions estimates for the source/s being monitored at the temporal resolution of the measurements. In the United States these measurements are currently in use mainly at large stationary sources which are under strict guidelines for emissions control, such as power plants operating under State Implementation Plans.
Sectoral, Temporal, Spatial, and Species Resolution
For scientific studies and increasingly for management perspective emission inventories are needed by source sector at more detailed temporal, spatial, and species resolution. Because the main driving force for the compilation of national inventories is the need to regulate sources, emissions by source sectors are usually available in these inventories. Usually activity rate compilations are also developed by source sector. Unfortunately, the sectoral definitions are far from uniform; they vary from the very detailed descriptions used by the US Environmental Protection Agency (Source Classification Codes), the Canadian adaptation of this classification scheme, and CORINAIR SNAP90 to those with only a very limited number or no sectors. The EDGAR inventory and the 1990 SO 2 and NO x inventories of anthropogenic emissions developed at the Canadian Global Interpretation Centre (CGEIC) [Van Heyst et al., 1999] have adopted sector classifications that address the needs of regional to global studies. As an example, Table 1 presents the source classification used by the CGEIC inventories.
Except for CEM measured emissions there is a lack of information on emissions at finer temporal, spatial, and species resolutions; therefore surrogate methods are used to bring the inventory information to the desired resolutions.
The exact location (longitude, latitude) for most of the large stationary point sources such as power plants, smelters, etc. is currently available; this allows precise geographic assignment of their emissions. However, additional information needed to properly assign these emissions in the vertical, such as stack height, flow rate, temperature, etc. is rarely available. This additional information becomes critical to models where a more exact representation of plume dispersion is needed such as the plume-in-grid (PinG) section of the Community Multiscale Air Quality Modeling System [Byun and Ching, 1999] . The minimum information needed to estimate the vertical release height of large stationary point source emissions is the stack height; however, with only this information accurate plume dispersion cannot be represented.
The inventories compiled for the National Acid Precipitation Program (NAPAP) were among the first to address the conversion of emissions data to the finer spatial, temporal, and species resolution required by transport and transformation models [Saeger et al., 1989; Wagner et al., 1986] . This work developed temporal, spatial, and species allocation factors for emissions in the United States and Canada. Temporal allocation factors were based on surrogate information such as average heating degree days, continuous traffic counts from the U.S. Department of Transportation, operating schedules for power plants, etc. Twelve temporal categories were achieved: weekday, Saturday, and Sunday for each of the four seasons. The location of all major stationary sources was known, so the emissions were assigned to the corresponding grid cell. The spatial allocation factors for non-stationary sources were developed using the appropriate gridded surrogate information such as population, housing, land use types, etc. Speciation factors for NO x used were those recommended in AP-42 [U.S. Environmental Protection Agency, 1985] ; speciation factors for total suspended particulates (TSP), and total hydrocarbons (THC) were based on the Air Emissions Species Manual [Shareef and Bravo, 1993a; Shareef and Bravo, 1993b] developed for the U.S. Environmental Protection Agency.
The Generation of European Emissions Data (GENEMIS) project, a component of the European Experiment on Transport and Transformation of Environmentally Relevant
Trace Constituents in the Troposphere over Europe (EUROTRAC) project, has developed values for European emissions at the appropriate temporal and spatial resolution for use in the EUROTRAC transport and transformation models [Hahn, 1996] . Starting with annual values temporal resolution of ½ to one hour and daily and grid sizes of 80×80 and 60×60 are being achieved. The temporal disaggregation of annual emissions was accomplished by developing surrogate data at monthly, daily, and hourly resolutions for sources contributing the major part of the emissions in Europe [Lenhart and Friedrich, 1995] . The surrogate data include fuel use, working time, degree days, temperature, traffic counts, etc. Regression analysis using some of the surrogate data, qualitative expert judgements, plausibility tests, and some limited comparison between measurements and calculations have been used to determine the improvement of the temporal resolution of emissions calculated by these methods. In their study Lenhart and Friedich [1995] report that the differences between higher resolution emissions estimated by previously used methods and those estimated using GENEMIS methods range from 600% for public power plants to 30% for industrial combustion.
Some of the surrogate data needed to give emissions inventories finer resolution are not developed on a gridded basis; for example, population data are based on geopolitical division, transportation data are "line" sources, etc. For other data sets, such as satellite information, the "native" grid of the data may not exactly match that of the atmospheric models. The conversion of these data to gridded format (or regridding to a new grid definition) adds another source of uncertainty to the emissions data, so care must be exercised when developing and applying the gridded surrogate data. For example, in his work with the 1990 population counts Li [1996] had to take into consideration problems with multiple geographic entities (including ocean areas) within one grid cell and how this affects the distribution of both the population and ultimately the emissions.
USE OF TOP-DOWN METHODOLOGIES TO ESTIMATE EMISSIONS
Top-down, or inverse modeling, directly inverts air quality measurements in terms of poorly known but critical parameters [Heimann and Kasibhatla, 2000] to constrain the emissions needed to explain these measurements. The general format of a model representing a measurement (y o ) is [Verstraete and Pinty, 2000] :
where , 1 # m # M are the state variables of the system, that is the smallest set of independent variables necessary to describe the measurements; values of the state variables are usually computed using atmospheric transport models. If K < M the system is underdetermined, if K = M a unique solution may be found but can be greatly affected by measurement errors, and if K > M the system is overdetermined. Several statistical tools are being used to address the inversion problem, including empirical Bayes framework [Berger, 1985] , synthesis inversion techniques based on Green's function [Enting, 2000] , single value decomposition [Baker, 2000] , and tangent linear and adjoint models [Giering, 2000] .
Currently there are several strong limitations to this approach [Heimann and Kasibhatla, 2000] . It is harder to address emissions by sector using inverse modeling; Bergamaschi et al. [2000a] used individual model runs for each source category addressed, Houweling and van der Gon [1997] assumed that the dominant source of methane in Southeast Asia are rice paddies. For the long-lived atmospheric trace gases the signature in the measurements induced by various sources is small, so high precision measurements are needed. Emissions are highly variable so their representation needs many degrees of freedom making the inverse problem highly underdetermined. Emissions estimates are very sensitive to errors in the transport model [Houweling et al., 1999; Houweling et al., 2000] . The high diffusivity of atmospheric transport and mixing erase the small-scale emissions structure so that measurements at remote monitoring stations only capture the large-scale variability of the emissions. Additional a priori information based on model results, secondary observations or simplifications of the requirements for the inverse solution are needed, which introduces additional errors in the calculations. Thus the "skill" of inverse modeling is the judicious selection of the correct a priori information and the knowledge of the errors of such information.
Inverse modeling has been and is being used to study EMEP sulfur emissions estimates in Europe based on measurements from the EMEP monitoring network [Høst, 1996; Høst and Dimakos, 1997; Seibert, 1999] , in oceanographic studies [Winguth et al., 2000] , in studies of the fluxes of CO 2 [Kaminski et al., 1999a; Kaminski et al., 1999b; Taguchi, 2000] , CO [Bergamaschi et al., 2000b] , and methane [Hein et al., 1997; Janssen et al., 1999; Vermeulen et al., 2000] , in studies of the global methane cycle [Heimann and Kasibhatla, 2000; Hein et al., 1997; Houweling et al., 2000] , and in studies of satellite data [Franssens et al., 2000] . This list of applications is by no means exhaustive; the evolution of inverse modeling will be facilitated by the development of denser monitoring networks and the massive amounts of data that are becoming available from satellite observations.
FUTURE WORK
The importance of having accurate estimates of emissions to the atmosphere of trace species is becoming more and more critical in the development of our basic scientific knowledge and to better control these emissions to mitigate detrimental effects such as adverse effects on human health, acid rain, and climate change. Unfortunately, emissions inventory compilation and analysis are not high in the list of funding agencies; the resources and time allocated to these activities are generally not enough to allow in-depth study and the development of more accurate techniques and measurements. So we muddle along; diverse groups will continue to develop specific emissions estimates as stepchildren to their main studies. As we so graphically saw in the Marland et al. article [1999] the resulting emissions estimates may be very close when comparing percentages, but can result in large absolute differences, and there is currently no way of identifying which results are more accurate. GEIA has attempted to bring together investigators developing emissions estimates in an attempt to make the whole better than its parts. In this it has been partially successful; some of the inventories developed under the GEIA umbrella have become defacto gold standards in atmospheric chemistry studies. Much more is needed, both in terms of acquiring additional resources and in the revitalization of the cooperative efforts initiated by GEIA.
SUMMARY
The mathematical modeling of the transport and transformation of trace species in the atmosphere is one of the scientific tools currently used to assess atmospheric chemistry, air quality, and climatic conditions. From the scientific but also from the management perspectives accurate inventories of emissions of the trace species at the appropriate spatial, temporal, and species resolution are required. There are two general methodologies used to estimate regional to global emissions: bottom-up and top-down (also known as inverse modeling). Bottom-up methodologies used to estimate industrial emissions are based on activity data, emission factors (amount of emissions per unit activity), and for some inventories additional parameters (such as sulfur content of fuels). To compile regional and global inventories researchers can either bring together estimates made at the national or sub-national level by national experts or directly estimate emissions based on activity rates from reports compiled by multi-national organizations such as the United Nations and the International Energy agency and on emission factors and other information available in the literature. In all cases the data used must be checked for completeness, transparency, consistency, comparability, and accuracy. These emissions estimates must now be given finer spatial (usually gridded), temporal, and for some inventories species resolution. The location of major stationary sources (power plants, industrial complexes) is usually known, so the emissions can be directly assigned to the appropriate grid cell. For emissions from other activities, such as transportation, spatial resolution is obtained via the use of surrogate information, such as population, land use, traffic counts, etc. which already exists in or can directly be converted to gridded form. To obtain finer temporal resolution (seasonal, daily, weekday/weekend, etc.) auxiliary information such as plant schedules, traffic counts, etc. is used. Speciation factors have been and are being developed to speciate inventories of NO x (NO, NO 2 ), particulate matter (PM 2.5 , PM 10 ; by species), and hydrocarbons (individual species or groups of species).
Top-down (inverse modeling) methodologies directly invert air quality measurements in terms of poorly known but critical parameters to constrain the emissions needed to explain these measurements; values of these parameters are usually computed using atmospheric transport models. Several statistical tools are being used to address the inversion problem, but currently there are several strong limitations to inverse modeling as a tool to estimate emissions.
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Emissions inventory compilation and analysis does not appear to be high on the list of funding agencies. As a result, inventory work is done piecemeal as the stepchild of other projects; duplication of effort can delay advances in the field. The GEIA project of IGAC has attempted to prevent duplication and bring together emissions inventories projects so that the whole is better than its parts. This effort has been partially successful, but much more needs to be done if we are to substantially decrease the uncertainties of emissions data. 
